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Morphoproteomic characterization of lung squamous cell carcinoma
fragmentation, a histological marker of increased tumor invasiveness
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Andrew H; Soltermann, Alex
Abstract: Accurate stratification of tumors is imperative for adequate cancer management. In addition to
staging, morphological subtyping allows stratification of patients into additional prognostic groups. In this
study, we used an image-based computational method on pan-cytokeratin immunohistochemical (IHC)
stainings to quantify tumor fragmentation (TF), a measure of tumor invasiveness of lung squamous cell
carcinoma (LSCC). In two independent clinical cohorts from tissue microarrays (TMA: n=208 patients)
and whole sections (WS: n=99 patients), TF was associated with poor prognosis and increased risk of
blood vessel infiltration. A third cohort from the cancer genome atlas (TCGA: n=335 patients) confirmed
the poor prognostic value of TF using a similar human-based score on haematoxylin-eosin (HE) staining.
Integration of RNA-seq data from TCGA and LC-MS/MS proteomics from WS revealed an upregulation
of extracellular matrix remodeling and focal adhesion processes in tumors with high TF, supporting
their increased invasive potential. This proposed histologic parameter is an independent and unfavorable
prognostic marker that could be established as a new grading parameter for LSCC.
DOI: https://doi.org/10.1158/0008-5472.CAN-16-2363
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VWDJLQJPRUSKRORJLFDO VXEW\SLQJ DOORZV VWUDWLILFDWLRQ RI SDWLHQWV LQWR DGGLWLRQDO SURJQRVWLF
JURXSV ,Q WKLV VWXG\ ZH XVHG DQ LPDJHEDVHG FRPSXWDWLRQDO PHWKRG RQ SDQF\WRNHUDWLQ
LPPXQRKLVWRFKHPLFDO ,+& VWDLQLQJV WR TXDQWLI\ WXPRU IUDJPHQWDWLRQ 7) D PHDVXUH RI
WXPRU LQYDVLYHQHVV RI OXQJ VTXDPRXV FHOO FDUFLQRPD /6&& ,Q WZR LQGHSHQGHQW FOLQLFDO
FRKRUWV IURP WLVVXH PLFURDUUD\V 70$ Q  SDWLHQWV DQG ZKROH VHFWLRQV :6 Q 
SDWLHQWV 7) ZDV DVVRFLDWHG ZLWK SRRU SURJQRVLV DQG LQFUHDVHG ULVN RI EORRG YHVVHO
LQILOWUDWLRQ$WKLUGFRKRUWIURPWKHFDQFHUJHQRPHDWODV7&*$Q SDWLHQWVFRQILUPHG
WKH SRRU SURJQRVWLF YDOXH RI7) XVLQJ D VLPLODU KXPDQEDVHG VFRUH RQ KDHPDWR[\OLQHRVLQ
+	(VWDLQLQJ,QWHJUDWLRQRI51$VHTGDWDIURP7&*$DQG/&0606SURWHRPLFVIURP
:6UHYHDOHGDQXSUHJXODWLRQRIH[WUDFHOOXODUPDWUL[UHPRGHOLQJDQGIRFDODGKHVLRQSURFHVVHV
LQ WXPRUV ZLWK KLJK 7) VXSSRUWLQJ WKHLU LQFUHDVHG LQYDVLYH SRWHQWLDO 7KLV SURSRVHG
KLVWRORJLF SDUDPHWHU LV DQ LQGHSHQGHQW DQG XQIDYRUDEOH SURJQRVWLF PDUNHU WKDW FRXOG EH
HVWDEOLVKHGDVDQHZJUDGLQJSDUDPHWHUIRU/6&& 
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7XPRU LQYDVLRQ LV VXSSRUWHGE\de novo IRUPDWLRQRIGHVPRSODVWLF VWURPDZKLFKSURYLGHV
QRWRQO\SK\VLFDOVXSSRUWWRFDQFHUFHOOVEXWDOVRIDYRUVWXPRUH[SDQVLRQDQGLQYDVLRQDVDQHW
HIIHFWRIWXPRUVWURPDLQWHUWDON/6&&LQYDVLRQLVKLVWRORJLFDOO\FKDUDFWHUL]HGE\WXPRU
FOXVWHUV RI YDULDEOH VL]HV VXUURXQGHG E\ VXFK VSHFLDOL]HG VWURPD 7KLV LV UHIOHFWHG E\ DQ
DSSDUHQW IUDJPHQWDWLRQ RI ERWK FHQWUDO DQG SHULSKHUDO SRUWLRQV RI WKH WXPRU PDVV 7KH
TXDQWLILFDWLRQRIVXFKWXPRUIUDJPHQWVRQZKROHKLVWRORJLFDOVHFWLRQVPD\EHXVHGDVDPHWULF
IRU WXPRU DJJUHVVLYHQHVVZKLFK FRXOG VHUYH DV DQRYHO JUDGLQJSDUDPHWHU WR VWUDWLI\/6&&
LQWRSURJQRVWLFJURXSV
,Q WKLV VWXG\ ZH SHUIRUPHG DQ LPDJHEDVHG FRPSXWDWLRQDO DQDO\VLV IRU XQELDVHG WXPRU
IUDJPHQWDWLRQ 7) TXDQWLILFDWLRQ DQG DSSOLHG H[WHQGHG WKH PHWKRG ZLWK D KXPDQEDVHG
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6&& DW WKH 8QLYHUVLW\ +RVSLWDO =XULFK ZHUH VHOHFWHG 6TXDPRXV FHOO GLIIHUHQWLDWLRQ ZDV
UHYLHZHGRQKDHPDWR[\OLQHRVLQ+	(DQGDOFLDQEOXHSHULRGLFDFLGVFKLII$%3$6VWDLQV
'LIIHUHQWLDO GLDJQRVLV RI QRQNHUDWLQL]LQJ 6&& YHUVXV VROLG DGHQR QXOOSKHQRW\SH RU
QHXURHQGRFULQHODUJHFHOOFDUFLQRPDZDVSHUIRUPHGE\UHVSHFWLYH,+&XVLQJ77)SS
&. DQG V\QDSWRSK\VLQ DQWLERGLHV &DVHVZLWKPL[HG RU XQFOHDU KLVWRORJ\ZHUH H[FOXGHG
3DWLHQWVZLWKV\QFKURQLFRUPHWDFKURQLFVHFRQGSULPDU\ WXPRU LQSDUWLFXODUKHDGDQGQHFN
6&&ZLWKQHRDGMXYDQWFKHPRUDGLRWKHUDS\RUZLWKRYHUDOOVXUYLYDO26PRQWKSRVW
VXUJHU\ZHUH DOVR H[FOXGHG7KH70$FRKRUW FRQVLVWHGRI  OXQJ6&&SDWLHQWV EHWZHHQ
-DQXDU\  DQG 'HFHPEHU  DV GHVFULEHG  3DWLHQWV ZHUH IXUWKHU H[FOXGHG LI WKH
TXDOLW\ RI WKH SDQF\WRNHUDWLQ ,+& ZDV LQVXIILFLHQW IRU DXWRPDWLF LPDJH DQDO\VLV RQ ERWK







ZDV GRZQORDGHG IURP F%LR3RUWDO IRU&DQFHU*HQRPLFV0HPRULDQ6ORDQ.HWWHULQJ&DQFHU
&HQWHU  IRU  OXQJ 6&& SDWLHQWV $IWHU H[FOXVLRQ GXH WR 26 PRQWK QHRDGMXYDQW
FKHPRWKHUDS\RULQVXIILFLHQWLPDJHTXDOLW\SDWLHQWVUHPDLQHG7KLUW\RQHSDWLHQWV
KDG D GRFXPHQWHG DGMXYDQW WKHUDS\ ZKHUHE\   UHFHLYHG UDGLRWKHUDS\  
WDUJHWHGWKHUDS\DQGERWK2XUVWXG\ZDVDSSURYHGE\WKH(WKLFDO&RPPLVVLRQRIWKH
&DQWRQRI=XULFKXQGHUUHIHUHQFHQXPEHU.(.=+1U
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FRUH RI P GLDPHWHUZDV WDNHQ IURP HDFK WLVVXH EORFN DQG WUDQVIHUUHG LQWR D UHFLSLHQW
EORFN )RU WKH ZKROH VHFWLRQV FRKRUW WZR EORFNV UHSUHVHQWLQJ EHVW WKH RYHUDOO WXPRU
PRUSKRORJ\ ZHUH VHOHFWHG DQG P WKLFN VHFWLRQV ZHUH FXW IURP HDFK EORFN
,PPXQRKLVWRFKHPLVWU\ ,+& ZDV SHUIRUPHG RQ DQ DXWRPDWHG SODWIRUP 9HQWDQD0HGLFDO
6\VWHPV 7XFVRQ $= 86$ XVLQJ PRXVH PRQRFORQDO DQWLKXPDQ F\WRNHUDWLQ $($(
0 '$.2 GLOXWLRQ  UDEELW SRO\FORQDO 3HULRVWLQ $EFDP  DQG PRXVH
PRQRFORQDO 9HUVLFDQ % 6HLNDJDNX  'HWHFWLRQ ZDV FRPSOHWHGZLWK D UHVSHFWLYH
VHFRQGDU\DQWLERG\DQGWKH2SWL9LHZ'$%NLW9HQWDQD0HGLFDO6\VWHPV
,PDJHDFTXLVLWLRQ
,PPXQRKLVWRFKHPLFDOO\ VWDLQHG VHFWLRQV ZHUH VFDQQHG ZLWK D KLJK UHVROXWLRQ ZKROH VOLGH
VFDQQHU 1DQR]RRPHU 'LJLWDO 3DWKRORJ\ +DPDPDWVX -DSDQ XVLQJ D [ REMHFWLYH ZLWK
VSDWLDO UHVROXWLRQ RI PSL[HO 70$ DQGZKROH VHFWLRQV LPDJHVZHUH DQDO\]HGZLWK D
VSDWLDOUHVROXWLRQRIPSL[HODQGPSL[HOUHVSHFWLYHO\:KROHVHFWLRQVZHUHIXUWKHU
DQQRWDWHG E\ D VXUJLFDO SDWKRORJLVW $6 LQ RUGHU WR VHOHFW WXPRU WLVVXH 7KH VXUURXQGLQJ







$XWRPDWLFPRUSKRPHWULF DQDO\VLVZDV SHUIRUPHG XVLQJ ),-,  &RORUEDVHG VHJPHQWDWLRQ
DOORZHGVHSDUDWLQJ WKH WXPRU WLVVXH EURZQ IURP LWV VXUURXQGLQJVWURPD EOXHJUH\&RORU
WKUHVKROGYDOXHVZHUHSUHYLRXVO\YDOLGDWHGE\WKHSDWKRORJLVW$VLPLODUDSSURDFKIRU WXPRU
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

VHJPHQWDWLRQ E\ F\WRNHUDWLQ VWDLQHG VHFWLRQV KDV EHHQ GHVFULEHG IRU FRORQ FDUFLQRPD 
7KH VHJPHQWDWLRQ DOJRULWKP LQFOXGHG PHDQ VKLIW DQG PHGLDQ ILOWHULQJ FRORU WKUHVKROGLQJ
XVLQJ WKH L*a*b FRORU VSDFH DQG SDUWLFOH VL]H ILOWHULQJ ZLWK D PLQLPXP VL]H WKUHVKROG RI
P FRQVLGHUHG DV QRLVH 7KH UHVXOWLQJ VHJPHQWDWLRQ PDVNV ZHUH XVHG IRU DXWRPDWHG
VFRULQJRIWXPRUIUDJPHQWDWLRQ
7XPRUIUDJPHQWDWLRQVFRULQJ
7XPRU IUDJPHQWV UHIHU WR WXPRU FOXVWHUV FRPSOHWHO\ VHSDUDWHG IURP HDFK RWKHU RQ D WZR
GLPHQVLRQDO SODQH E\ LQWHUYHQLQJ GHVPRSODVWLF VWURPD 7XPRU IUDJPHQWDWLRQ ZDV
DXWRPDWLFDOO\ VFRUHG RQ WKH SDQ&. VWDLQLQJV RI ERWK 70$ DQG:6 E\ FRXQWLQJ WKH WRWDO
QXPEHURIGLVFRQQHFWHGSDUWLFOHVODUJHUWKDQPFLUFDFHOOVIRUHDFKVHJPHQWDWLRQ
PDVN7) VFRUHVZHUH VXPPHGXSRYHU WZR LPDJHVZKHQ DYDLODEOHRU GXSOLFDWHG IRU FDVHV
ZLWK VLQJOH LPDJHV ,Q DGGLWLRQ :6 SDWLHQWV ZHUH DOVR UHSUHVHQWHG RQ D VHFRQGDU\
70$IURPZKLFKKDGVXIILFLHQWLPDJHTXDOLW\IRUDXWRPDWHG7)VFRULQJ7)VFRUHVIURP
WKLV VXEVHW ZHUH XVHG WR DGGUHVV VFRULQJ KHWHURJHQHLW\ EHWZHHQ 70$ FRUHV DQG ZKROH
VHFWLRQV IRU WKHVDPH WXPRU+XPDQEDVHG7)VFRULQJZDVGRQHE\RQHREVHUYHU REVRQ
+	(VWDLQHGWLVVXHV2Q70$FRUHV7)ZDVVFRUHGXVLQJDOODYDLODEOHPDJQLILFDWLRQVDQGRQ
WKH DUHDRI KLJKHVW IUDJPHQWDWLRQ IRU WKH7&*$DQG:6FRKRUWV XQGHU DPDJQLILFDWLRQRI




$ WRWDO RI  VDPSOHV IURP WKHZKROH VHFWLRQV FRKRUWZHUH VHOHFWHG IRUPDVV VSHFWURPHWU\
EDVHG RQ WKH DYDLODELOLW\ RI DW OHDVW  WXPRU SDUDIILQ EORFN FRQWDLQLQJ ! FDUFLQRPD
HSLWKHOLD SHU WRWDO WLVVXH VXUIDFH 7ZR P WKLFN PLFURWRPH FXWV ZHUH GHSDUDIILQL]HG LQ
[\OHQHDQGZDVKHGZLWKHWKDQRO6DPSOHVZHUHVXVSHQGHGLQORI6'6EXIIHU
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
6'6 P0 7ULV  +&/ S+  0 '77 ± GLWKLRWKUHLWRO DQG ERLOHG DW & IRU 
PLQXWHV IROORZHG E\ K DW & DQG SURFHVVHG ZLWK +LJK ,QWHQVLW\ )RFXVHG 8OWUDVRXQG






H[FKDQJHGE\RQH FHQWULIXJDWLRQ URXQGRIO87EXIIHU$ON\ODWLRQRI UHGXFHGSURWHLQV
ZDVFDUULHGRXWE\PLQLQFXEDWLRQZLWKOLRGRDFHWDPLGH0LQ87EXIIHUIROORZHG
E\ WKUHH O ZDVKLQJ VWHSV ZLWK 87 DQG WKUHH O ZDVKLQJ VWHSV ZLWK 1D&O 0
)LQDOO\ SURWHLQVZHUHRQILOWHU GLJHVWHGXVLQJO RI  WULHWK\ODPPRQLXPELFDUERQDWH
EXIIHUS+FRQWDLQLQJWU\SVLQ3URPHJD0DGLVRQ:,86$LQUDWLRZZ'LJHVWLRQ
ZDVSHUIRUPHGRYHUQLJKW LQ DZHWFKDPEHU DW URRP WHPSHUDWXUH$IWHUHOXWLRQ WKH VROXWLRQ





)LVKHU6FLHQWLILF:DOWKDP0$86$ FRXSOHG WR DQ(NVLJHQW1DQR+3/&V\VWHP 6FLH[
)UDPLQJKDP0$86$6ROYHQWFRPSRVLWLRQDWWKHWZRFKDQQHOVZDVIRUPLFDFLGIRU
FKDQQHO$DQGIRUPLFDFLGDFHWRQLWULOHIRUFKDQQHO%)RUHDFKVDPSOHȝ/RI
SHSWLGHVZHUH ORDGHG RQ D VHOIPDGH FROXPQ ȝPî PP SDFNHGZLWK UHYHUVHSKDVH
&PDWHULDO5HSUR6LO3XU&$4ȝP'U0DLVFK*PE+$PPHUEXFK*HUPDQ\
DQGHOXWHGDWDIORZUDWHRIQ/PLQE\DJUDGLHQWIURPWR%LQPLQ%LQ
PLQ DQG  % LQ  PLQ 6DPSOHV ZHUH DFTXLUHG LQ D UDQGRPL]HG RUGHU 7KH PDVV
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

VSHFWURPHWHU 7XQH SDJH YZDV FRQILJXUHG WR IUDJPHQW SHSWLGH SUHFXUVRU LRQV LQ GDWD
GHSHQGHQWPRGHDOORZLQJDPD[LPXPRIVEHWZHHQWKHIXOOVFDQVSHFWUDWRSVSHHGPRGH
)XOOVFDQ06 VSHFWUD ±P]ZHUH DFTXLUHG DW D UHVROXWLRQ RI  DW P]
DIWHU DFFXPXODWLRQ WR DQ DXWRPDWHG JDLQ FRQWURO $*& WDUJHW YDOXH RI  :LGH





JDLQ FRQWURO ZDV VHW WR  LRQV DQG WKH PD[LPXP LQMHFWLRQ WLPH ZDV  PLOOLVHFRQGV
&KDUJH VWDWH VFUHHQLQJZDV HQDEOHG DQG VLQJO\ DQG XQDVVLJQHG FKDUJH VWDWHVZHUH UHMHFWHG
3UHFXUVRUPDVVHV SUHYLRXVO\ VHOHFWHG IRU0606PHDVXUHPHQWZHUH H[FOXGHG IURP IXUWKHU
VHOHFWLRQ IRU  VHFRQGV DQG WKH H[FOXVLRQZLQGRZZDV VHW DW  SSP7KH VDPSOHVZHUH
DFTXLUHGXVLQJLQWHUQDOORFNPDVVFDOLEUDWLRQRQP]DQG
3URWHLQLGHQWLILFDWLRQDQGODEHOIUHHSURWHLQTXDQWLILFDWLRQ
3URWHLQ ODEHOIUHH TXDQWLILFDWLRQ ZDV SHUIRUPHG XVLQJ WKH VRIWZDUH 3URJHQHVLV 4, IRU
SURWHRPLFV Y VRIWZDUH 1RQOLQHDU'\QDPLFV1HZFDVWOH XSRQ7\QH8.
XVLQJDVUHIHUHQFHIRUDOLJQPHQWWKHUDZILOHRIWKHSRROVDPSOH1RUPDOL]DWLRQZDVNHSWZLWK
GHIDXOW VHWWLQJV )URP HDFK 3URJHQHVLV SHSWLGH LRQ GHIDXOW VHQVLWLYLW\ LQ SHDN SLFNLQJ D
PD[LPXPRIWKHWRSILYHWDQGHPPDVVVSHFWUDZHUHH[SRUWHGLQWRD0DVFRWJHQHULFILOHXVLQJ
FKDUJH GHFRQYROXWLRQ DQG GHLVRWRSLQJ RSWLRQ DQG D PD[LPXP QXPEHU RI  SHDNV SHU
06067KLV0DVFRW JHQHULF ILOH PJIZDV VHDUFKHGZLWK0DVFRW 0DWUL[6FLHQFH
/WG/RQGRQ8.DJDLQVWWKHIRUZDUG8QLSURWGDWDEDVHIRUHomo sapiensFRQFDWHQDWHGWRD
UHYHUVHG GHFR\HG )$67$ GDWDEDVH DQG  FRPPRQ PDVV VSHFWURPHWU\ SURWHLQ
FRQWDPLQDQWV7KHSDUDPHWHUVIRUSUHFXUVRUWROHUDQFHDQGIUDJPHQWLRQWROHUDQFHZHUHVHWWR
SSP DQG 'D (Q]\PHZDV VHW WR WU\SVLQ DQG RQHPLVVHG FOHDYDJHZDV DOORZHG
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
&DUEDPLGRPHWK\ODWLRQ RI F\VWHLQH ZDV VHW DV IL[HG PRGLILFDWLRQ ZKLOH R[LGDWLRQ 0 DQG
GHDPLGDWLRQ 1 4 ZHUH VHW DV YDULDEOH 7KH UHVXOWLQJ GDW ILOH ZDV ORDGHG LQWR 6FDIIROG
Y3URWHRPH6RIWZDUHDQGILOWHUHGDWSHSWLGHDQGSURWHLQ)DOVH'LVFRYHU\5DWHV)'5V
ZHUH VHW WR  DQG  UHVSHFWLYHO\ )LQDOO\ WKH 6FDIIROG 6SHFWUXP5HSRUWZDV LPSRUWHG
EDFNLQWR3URJHQHVLV)RUTXDQWLILFDWLRQDOOSURWHLQVLGHQWLILHGZLWKDWOHDVWWZRSHSWLGHLRQV
ZHUH DVVHVVHG UHVXOWLQJ LQ DQ HVWLPDWHG SURWHLQ)'5RI 3URWHLQVZHUH JURXSHGZLWK
3URJHQHVLV DQG WKH UHODWLYHTXDQWLILFDWLRQXVLQJ+L1 1 SHSWLGHVZDVXVHG)RUSURWHLQ
TXDQWLILFDWLRQWKHDYHUDJHRIWKHQRUPDOL]HGDEXQGDQFHIURPWKHPRVWLQWHQVH1SHSWLGHLRQV
RI HDFK SURWHLQ JURXS ZDV FDOFXODWHG LQGLYLGXDOO\ IRU HDFK VDPSOH 7KLV JHQHUDWHG WKH
QRUPDOL]HGTXDQWLWDWLYHSURWHLQDEXQGDQFH3URWHLQ OHYHOVZHUHIXUWKHU ORJ WUDQVIRUPHGIRU
VWDWLVWLFDO WHVWLQJ'LIIHUHQWLDOO\H[SUHVVHGSURWHLQVZHUH LGHQWLILHGE\6LJQLILFDQFH$QDO\VLV
RI 0LFURDUUD\V DV GHVFULEHG  7) VFRUHV ZHUH ORJ WUDQVIRUPHG DQG DGGUHVVHG DV
TXDQWLWDWLYHUHVSRQVHXVLQJWKHVWDQGDUGUHJUHVVLRQPHWKRGRQPHGLDQFHQWHUHGSURWHLQOHYHOV
3URWHLQV VLJQLILFDQWO\ FRUUHODWHG ZLWK 7) VFRUHV )'5 ZHUH FRQVLGHUHG IRU IXUWKHU
DQDO\VLV *HQH RQWRORJ\ HQULFKPHQW DQDO\VLV ZDV SHUIRUPHG XVLQJ:(%EDVHG *(QH 6H7





RQ 7&*$ +	( VWDLQLQJV FRQVLVWLQJ RI SDWLHQWV ZLWK WKH  ORZHVW 7)  DQG 
KLJKHVW 7) ! VFRUHV ZHUH VHOHFWHG IRU P51$ GLIIHUHQWLDO H[SUHVVLRQ DQDO\VLV )RU
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
HQULFKPHQW PDS ZDV JHQHUDWHG ZLWK WKH VRIWZDUH &\WRVFDSH  XVLQJ %,1*2  DQG
(QULFKPHQW0DS SOXJLQV*HQHVXSUHJXODWHG LQKLJK DQG ORZ7) WXPRUV UHVSHFWLYHO\
ZHUH XSORDGHG VHSDUDWHO\ LQ %,1*2 (QULFKPHQW DQDO\VLV ZDV SHUIRUPHGZLWK WKH GHIDXOW
K\SHUJHRPHWULF WHVWXVLQJDVLJQLILFDQFHOHYHODIWHU%RQIHUURQLFRUUHFWLRQIRUPXOWLSOH
WHVWLQJ (QULFKPHQW PDS ZDV JHQHUDWHG XVLQJ %,1*2 RXWSXWV IRU HDFK WXPRU PRUSKRW\SH





$OO VWDWLVWLFDO DQDO\VHVZHUH SHUIRUPHG RQ 6366 YHUVLRQ  VRIWZDUH 6366 ,QF &KLFDJR
86$5HODSVHIUHHVXUYLYDOZDVPHDVXUHGIURPWKHGDWHRIVXUJHU\WRWKHGDWHRIGRFXPHQWHG












 SDWLHQWV 7DEOH  7KH VL]H RI WXPRU IUDJPHQWV ZLWKLQ LQGLYLGXDO WXPRUV YDULHG
FRQVLGHUDEO\ )LJXUH $ %\ XVLQJ;UD\PLFURWRPRJUDSK\ZH VDZ WKDW WXPRU IUDJPHQWV
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
UHSUHVHQW SURMHFWLRQV RI LQWHUFRQQHFWHG HSLWKHOLDO EUDQFKHV IURP D WKUHH GLPHQVLRQDO
SHUVSHFWLYH )LJXUH%7KHGLVWULEXWLRQRI WKHFRPSXWHG7)VFRUHVZDVFRPSDUDEOH LQ WKH
70$DQG:6FRKRUWV )LJXUH6$% OHIW7KHDVVHVVPHQWRID VXEVHWRISDWLHQWV IURP
:6ZLWKPDWFKLQJ70$FRUHVIURPDVHFRQGDU\70$VKRZHGDSRVLWLYHFRUUHODWLRQRI7)
VFRUHV EHWZHHQ ZKROH VHFWLRQV DQG WXPRU FRUHV IURP WKH VDPH WXPRU FFRHII 
S+RZHYHUGXHWRLQWUDWXPRUKHWHURJHQHLW\WKH:6DQDO\VLVDOORZVDPRUHUHOLDEOH
DVVHVVPHQWRI7)VFRUHVDVGHPRQVWUDWHGE\WKHFRUUHODWLRQDQDO\VLVRIFRPSXWHG7)VFRUHV








LQILOWUDWLRQ RQ ERWK 70$ DQG :6 7DEOH 6 3HULQHXUDO DQG PHGLDVWLQDO LQYDVLRQ ZHUH
IXUWKHU HYDOXDWHG RQ :6 DQG SRVLWLYHO\ FRUUHODWHG ZLWK 7) DV ZHOO S  S 
UHVSHFWLYHO\6XUYLYDODQDO\VLVVKRZHG WKDWKLJK7) LVDSRRUSURJQRVWLF IDFWRU IRU26DQG





REVHUYHG D GHFUHDVH RI SURJQRVWLF SRZHU XVLQJ 70$ FRUHV 265)6 S  LQ
FRPSDULVRQ ZLWK ZKROH VHFWLRQV 265)6 S SRVVLEO\ GXH WR WKH KLJKHU
LPSDFWRILQWUDWXPRUKHWHURJHQHLW\RQWKH70$7)VFRUHVXVLQJGLIIHUHQWPLQLPDOIUDJPHQW
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:H VHOHFWHG 7&*$ SDWLHQWV ZLWK WKH XSSHU DQG ORZHU TXDUWLOHV RI 7) VFRUHV WR LGHQWLI\
PROHFXODUFKDUDFWHULVWLFVDVVRFLDWHGZLWK7)PRUSKRW\SHVDQGLGHQWLILHGJHQHVDVVRFLDWHG
ZLWK WKHKLJK7)(QULFKHGELRORJLFDOSURFHVVHV LQYROYHG WLVVXHGHYHORSPHQW H[WUDFHOOXODU
PDWUL[(&0RUJDQL]DWLRQDQGFHOODGKHVLRQSURFHVVHV)LJXUH6.(**DQDO\VLVQRWDEO\
VKRZHG DQ XSUHJXODWLRQ RI SDWKZD\V LQYROYHG LQ (&0UHFHSWRU LQWHUDFWLRQ IRFDO DGKHVLRQ
DQGSURWHLQGLJHVWLRQ,QSDUDOOHOPDVVVSHFWURPHWU\EDVHGODEHOIUHHTXDQWLILFDWLRQLGHQWLILHG
 SURWHLQV VLJQLILFDQWO\ DVVRFLDWHG ZLWK LQFUHDVHG 7) 7DEOH 6 LQFOXGLQJ H[WUDFHOOXODU
 DQG F\WRVNHOHWDO  FRPSRQHQWV ,Q DFFRUGDQFH ZLWK P51$6HT DQDO\VLV ZH
REVHUYHGDQHQULFKPHQWRIJHQHVLQYROYHGLQGHYHORSPHQWDOSURFHVVHV
,Q FRQWUDVW ORZ7)ZDVDVVRFLDWHGZLWKJHQHV LQYROYHG LQGLYHUVHPHWDEROLF SDWKZD\V









/6&& LV KLVWRORJLFDOO\ FKDUDFWHUL]HG E\ D YDULDEOH GHJUHH RI NHUDWLQL]DWLRQ DQGRU WKH
IRUPDWLRQRILQWHUFHOOXODUEULGJHVEHWZHHQWXPRUHSLWKHOLDOFHOOV&ROOHFWLYHFHOOPLJUDWLRQLV
SUHGRPLQDQW LQ /6&& DV RWKHU LQYDVLRQ PRGHV VXFK DV (07 HSLWKHOLDOPHVHQFK\PDO
WUDQVLWLRQILEUREODVWRLGRUDPRHERLGDUHOHVVREVHUYHGSUREDEO\GXHWRWKHWLJKWGHVPRVRPDO
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LQ'ZKLFK LVKLVWRORJLFDOO\GHSLFWHGE\DKLJKYDULDELOLW\RIHSLWKHOLD VL]HV LQ' ,Q WKLV




DQ XSUHJXODWLRQ RI SURFHVVHV LQYROYHG LQ (&0 UHPRGHOLQJ DQG IRFDO DGKHVLRQ PDMRU
FKDUDFWHULVWLFV RI LQFUHDVHG FHOOXODU PRWLOLW\  7KH DVVRFLDWLRQ RI 7) ZLWK WZR
LGHQWLILHG (&0 SURWHLQV 3HULRVWLQ DQG 9HUVLFDQ ZDV YDOLGDWHG E\ LPPXQRKLVWRFKHPLVWU\






PHWDEROLF DQG [HQRELRWLF SURFHVVHV QRWDEO\ FRQWULEXWLQJ WR WKH UHJXODWLRQ RI D QXPEHU RI
FKHPRWKHUDSHXWLFGUXJV
710VWDJLQJLVWKHRQO\HVWDEOLVKHGV\VWHPIRUSUHGLFWLQJ/6&&SURJQRVLVZKHUHDVWKHYDOXH
RI WXPRU JUDGLQJ DORQJ WKH NHUDWLQL]DWLRQ TXDOLILHU UHPDLQV XQFOHDU ,Q WKLV VWXG\ ZH
HYDOXDWHGWKHFOLQLFDOUHOHYDQFHRI/6&&VWUDWLILFDWLRQEDVHGRQ7)6XUYLYDODQDO\VLVVKRZHG
WKDW KLJK 7) LV D SRRU SURJQRVWLF PDUNHU LQGHSHQGHQW IURP VWDJH 7KLV FRXOG EH D XVHIXO
DGGLWLRQDO JUDGLQJ SDUDPHWHU VXJJHVWLQJ WXPRU LQYDVLYHQHVV $OWHUQDWLYH KLVWRORJLFDO
SDUDPHWHUVVXFKDVWXPRUEXGGLQJKDYHEHHQSURSRVHGDVYDULRXVPHDVXUHVRIWXPRULQYDVLRQ
LQFDQFHUVQRWDEO\LQFRORUHFWDOFDUFLQRPD,Q16&/&VLQJOHFHOOV WXPRUEXGV
FHOOV RU QHVWV  FHOOV WRJHWKHU ZLWK VWURPD WKLFNQHVV KDYH DOVR VKRZQ DQ LPSDFW RQ
SDWLHQW¶V VXUYLYDO  DOWKRXJK VPDOO LQYDVLYH WXPRU FOXVWHUV DUH OHVV IUHTXHQW LQ
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SURJQRVWLF IHDWXUHV RQ KLVWRORJLFDO VHFWLRQV QRWDEO\ IRU QRQVPDOO FHOO OXQJ FDQFHU 
+RZHYHUVXFKPHWKRGVDUHPRVWO\EDVHGRQWKHTXDQWLILFDWLRQRIFHOOXODUPRVWO\QXFOHDUDQG
F\WRSODVPLFIHDWXUHV2XUFRPSXWDWLRQDOPHWKRGLVIRFXVHGRQDKLJKHURUGHUIHDWXUHRIWKH
WXPRU HSLWKHOLD UHODWHG WR WXPRU LQYDVLRQSDWWHUQVZKLFKFDQEH IDYRUDEO\ WUDQVODWHG LQWR D
KXPDQEDVHG VFRULQJ V\VWHP RQ +	( WLVVXH VWDLQLQJ 7KH SURSRVHG FRPSXWDWLRQDO LPDJH
EDVHG DQDO\VLV DOORZHG XQELDVHG VFRULQJ RI WXPRU IUDJPHQWV EXW KDV QHYHUWKHOHVV LQWULQVLF
OLPLWDWLRQV7KHPDLQGUDZEDFN LV WKDW QRUPDO HSLWKHOLDO OXQJ VWUXFWXUHV DVZHOO DVQHFURWLF
UHVLGXHV DUH DOVR LPPXQHUHDFWLYH ZLWK SDQF\WRNHUDWLQ 7R PLQLPL]H IDOVH SRVLWLYH WXPRU




,Q FRQFOXVLRQ ZH KDYH VKRZQ XVLQJ DQ LPDJHEDVHG FRPSXWDWLRQDO DSSURDFK WKDW KLJK
IUDJPHQWDWLRQ RI /6&& LV D KLVWRORJLF WUDLW DVVRFLDWHG ZLWK LQFUHDVHG DJJUHVVLYHQHVV ,Q
DGGLWLRQ WKH LQWHJUDWLRQ RI PROHFXODU GDWD VKRZHG DQ XSUHJXODWLRQ RI SURWHLQV IDYRULQJ
H[WUDFHOOXODU PDWUL[ UHPRGHOLQJ DQG IRFDO DGKHVLRQ VXSSRUWLQJ WKH LQFUHDVHG LQYDVLYH
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
:HZRXOG OLNH WR DFNQRZOHGJH'U.DULQD 6LOLQD ,QVWLWXWH RI ([SHULPHQWDO ,PPXQRORJ\
3URI %HUQG %RGHQPLOOHU ,QVWLWXWH RI 0ROHFXODU /LIH 6FLHQFHV 3URI 5HQDWR 3DMDUROD
'HSDUWPHQW RI ,QIRUPDWLFV 'U 'LPLWUL .RURO &DQFHU 5HJLVWU\ 'U 3HWHU 6FKUDPO
,QVWLWXWHRI3DWKRORJ\DQG0ROHFXODU3DWKRORJ\IRUWKHLUFULWLFDOLQSXW 
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6XUYLYDO SDWWHUQV LQ OXQJ DQGSOHXUDO FDQFHU LQ(XURSH5HVXOWV IURP WKH
(852&$5(VWXG\(XU-&DQFHUSLL6
 .DGRWD . 1LWDGRUL - :RR .0 6LPD &6 )LQOH\ '- 5XVFK 9: HW DO








&OLQLFDO DQG 5DGLRORJLF $GYDQFHV 6LQFH WKH  &ODVVLILFDWLRQ - 7KRUDF 2QFRO

 +DQDKDQ ' :HLQEHUJ 5$ +DOOPDUNV RI FDQFHU WKH QH[W JHQHUDWLRQ &HOO

 6ROWHUPDQQ$7LVFKOHU9$UERJDVW 6%UDXQ - 3UREVW+HQVFK1:HGHU: HW DO
3URJQRVWLF VLJQLILFDQFH RI HSLWKHOLDOPHVHQFK\PDO DQG PHVHQFK\PDOHSLWKHOLDO
WUDQVLWLRQ SURWHLQ H[SUHVVLRQ LQ QRQVPDOO FHOO OXQJ FDQFHU &OLQ &DQFHU 5HV

 &HUDPL ( *DR - 'RJUXVR] 8 *URVV %( 6XPHU 62 $NVR\ %$ HW DO 7KH F%LR
FDQFHU JHQRPLFV SRUWDO DQ RSHQ SODWIRUP IRU H[SORULQJ PXOWLGLPHQVLRQDO FDQFHU
JHQRPLFVGDWD&DQFHU'LVFRY
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SODTXH GHSRVLWLRQ PHDVXUHG XVLQJ SURSDJDWLRQEDVHG ;UD\ SKDVH FRQWUDVW &7
LPDJLQJ-6\QFKURWURQ5DGLDW
 6FKLQGHOLQ-$UJDQGD&DUUHUDV,)ULVH(.D\QLJ9/RQJDLU03LHW]VFK7HWDO)LML









 :DQJ - 'XQFDQ ' 6KL = =KDQJ % :(%EDVHG *(QH 6H7 $QD/\VLV 7RRONLW
:HE*HVWDOWXSGDWH1XFOHLF$FLGV5HV:
 6KDQQRQ30DUNLHO$2]LHU2%DOLJD16:DQJ-75DPDJH'HWDO&\WRVFDSHD
VRIWZDUH HQYLURQPHQW IRU LQWHJUDWHG PRGHOV RI ELRPROHFXODU LQWHUDFWLRQ QHWZRUNV
*HQRPH5HV
 0DHUH 6 +H\PDQV . .XLSHU 0 %L1*2 D &\WRVFDSH SOXJLQ WR DVVHVV
RYHUUHSUHVHQWDWLRQRIJHQHRQWRORJ\FDWHJRULHVLQELRORJLFDOQHWZRUNV%LRLQIRUPDWLFV

 0HULFR' ,VVHUOLQ5 6WXHNHU2(PLOL$%DGHU*'(QULFKPHQWPDS D QHWZRUN
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
 3XQW &- %X\VH 0 .RKQH &+ +RKHQEHUJHU 3 /DELDQFD 5 6FKPROO +- HW DO
(QGSRLQWV LQ DGMXYDQW WUHDWPHQW WULDOV D V\VWHPDWLF UHYLHZRI WKH OLWHUDWXUH LQ FRORQ
FDQFHUDQGSURSRVHGGHILQLWLRQVIRUIXWXUHWULDOV-1DWO&DQFHU,QVW

 <LOPD]0&KULVWRIRUL* /HKHPEUH )'LVWLQFWPHFKDQLVPV RI WXPRU LQYDVLRQ DQG
PHWDVWDVLV7UHQGV0RO0HG








 *LOODQ / 0DWHL ' )LVKPDQ '$ *HUELQ &6 .DUODQ %< &KDQJ '' 3HULRVWLQ
VHFUHWHG E\ HSLWKHOLDO RYDULDQ FDUFLQRPD LV D OLJDQG IRU DOSKD9EHWD DQG
DOSKD9EHWD LQWHJULQV DQGSURPRWHV FHOOPRWLOLW\&DQFHU5HV

 <DQ: 6KDR 5 7UDQVGXFWLRQ RI D PHVHQFK\PHVSHFLILF JHQH SHULRVWLQ LQWR 7
FHOOV LQGXFHV FHOO LQYDVLYH DFWLYLW\ WKURXJKHSLWKHOLDOPHVHQFK\PDO WUDQVIRUPDWLRQ -
%LRO&KHP
 %XWFKHU-71RUULV5$+RIIPDQ60MDDWYHGW&+0DUNZDOG553HULRVWLQSURPRWHV
DWULRYHQWULFXODU PHVHQFK\PH PDWUL[ LQYDVLRQ DQG UHPRGHOLQJ PHGLDWHG E\ LQWHJULQ
VLJQDOLQJWKURXJK5KR3,NLQDVH'HY%LRO
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